). An explanation for this limited translocation is that arsenate (As(V)) is 80 rapidly reduced to arsenite (As(III)) in roots, followed by complexation of As(III) 81 with phytochelatins (PCs) and subsequent sequestration in root vacuoles (Dhankher et γ-glutamylcysteine synthetase (γ-ECS), resulting in 60 -85% lower levels of GSH 93 compared with wild-type and little production of PCs in response to Cd exposure 94 Cobbett et al., 1998) . 95 Arsenite has a high affinity to thiol groups and there is strong evidence that 96 PCs play a constitutive role in the detoxification of As through complexation of As(III) 97 in As non-hyperaccumulator plants. Arsenic strongly induces PC synthesis (Grill et shown that over-expression of PCS enhances As tolerance in transgenic plants, but 103 interestingly not As accumulation (Li et al., 2004; Gasic and Korban, 2007) . 104 Furthermore, a range of intact As(III)-PC complexes have been identified in 105 sunflower (Helianthus annuus) and Thunbergia alata plants after exposure to As(V) 106 or As(III) (Raab et 
113
Whilst the role of PCs in As sensitivity is well established, how they influence 114 As mobility in plants is not clear. Gong et al. (2003) showed that PCs may be 115 transported from roots to shoots in a study involving root-specific expression of the 116 wheat (Triticum aestivum) PCS gene (TaPCS1) in the Arabidopsis cad3-1 mutant. 117 Further, both root-specific and ectopic expression of TaPCS1 was found to enhance 118 long-distance transport of Cd from roots to stems and rosette leaves, suggesting that 119 PCs may be carriers of Cd in xylem transport. However, direct measurements of the 120 xylem sap collected from As-exposed sunflower showed only traces of non-reactive 121 oxidized PC 2 and oxidized glutathione (GSSG) with no evidence of As-PC 122 complexation (Raab et al., 2005) . Similarly, only trace levels of PCs were detected in 123 the xylem sap from Cd-exposed Brassica napus (Mendoza-Cózatl et al., 2008 Seedlings of cad1-3 and cad2-1 and wild-type were pre-grown in hydroponic 167 culture for three weeks and then exposed to 10 μM arsenate for 3 days. In this 168 experiment, the exposure concentration and duration were increased in order to 169 enhance the As signal for molecular analysis of As complexes. Also, reasonably 170 uniform seedlings were used for arsenate exposure so that the plant biomass was 171 similar among the three lines (data not shown). Arsenic speciation in root and shoot The initial peak (peak 1 in Fig. 1a ) eluted in the void volume around 2 min was 180 uncomplexed (unbound) inorganic As, being predominantly arsenite as determined by 181 the assay using anion-exchange HPLC-ICP-MS (Table 1) . The peaks eluted after 10 182 min represent complexed (bound) arsenite. Two features are apparent in Fig. 2 . First, 183 most of the As in the cad1-3 and cad2-1 roots was unbound, compared with the 184 dominance of complexed As(III) in the wild-type roots. Second, most of the As in the 185 shoots of both wild-type and mutants was uncomplexed, although the concentrations 186 of As in shoots were much lower than those in roots.
187
There were 7 peaks of complexed As species ( Fig. 2a and 2c) . Overlaying of 188 ICP-MS chromatograms for As and ESI-MS chromatograms (Fig. 3 ) allows for the 189 unequivocal identification and quantification of all but one peak (peak 6). Peak 2, 190 which appeared only in the cad1-3 root extract, corresponds to the As(III)-GSH 9 complex (As(III)-(GS) 3 ). Three As(III)-PC complexes were identified: As(III)-PC 3 , 192 As(III)-(PC 2 ) 2 and As(III)-PC 4 (Fig. 3) . The ESI-MS signal for As(III)-PC 3 appears as all of which was unbound in wild-type and 13% was PC complexed in the two 210 mutants. The ratio of shoot-to-root As concentration in the cad1-3 and cad2-1 mutants 211 was 10-and 5.4-fold higher, respectively, than that in wild-type (Table 2) , suggesting 212 an enhanced root-to-shoot translocation when little As is complexed in roots. This was 213 investigated further in experiments described later. Table S1 ). These include a number of 220 free thiol compounds, GSSG, oxidized PC 2 , reduced PC 2 , oxidized PC 3 and oxidized 221 PC 4 , as well as the As(III)-thiol complexes As(III)-PC 3 and As(III)-(GS) 3 . All these 222 compounds were identified using both the elemental signals of S and As on the ICP-223 MS and at the same time the protonated molecular mass which were measured with a 224 high resolution ESI-MS with an accuracy better than 5 ppm (Supplemental Table S2 ). arsenite efflux as a proportion of arsenate uptake should be independent of this effect.
252
At both time points, the two mutants effluxed significantly (p<0.001) more arsenite 253 than wild-type plants. 254 In further experiments, we tested whether manipulation of GSH and PC Arsenic accumulation and distribution between roots and shoots were 272 determined in plants from the three experiments described above. After exposure to 5 273 µM arsenate for 24 h, the cad1-3 and cad2-1 roots contained significantly (p<0.001) 274 smaller amounts of As (mainly As(III)) than wild-type (Fig. 5a ). In contrast, the 275 pattern for shoot As was opposite: the total As concentration in cad1-3 and cad2-1 276 was 3.4 and 3.9 times that of wild-type, respectively (p<0.001). Consequently, the 277 shoot to root As concentration ratio was 4.5-and 12-fold higher in cad1-3 and cad2-1 278 than in wild-type (p<0.001; Fig. 5a ). Similarly, the percentage of As distributed to 279 shoots was much higher in the two mutants (12.5 ± 2.1% and 27.8 ± 1.9% in cad1-3 280 and cad2-1, respectively) than in wild-type (3.2 ± 0.7%).
281
In the BSO experiment, +BSO decreased As accumulation in the roots but 282 increased As accumulation in the shoots of wild-type; this had the effect of increasing 283 the shoot to root As concentration ratio by 2.7 fold (Fig. 5b) . +BSO also decreased the 284 As(III)% in the roots from 92% to 87%, suggesting a small inhibition of arsenate 285 reduction. In the shoots only As(III) was found in both -/+ BSO treatments.
286
In the S nutrition experiment, S deprivation decreased As accumulation in the Both the cad1-3 and cad2-1 mutants were similarly hypersensitive to arsenate.
296
Arsenate was reduced to arsenite rapidly in Arabidopsis roots, as indicated by the 297 predominance of As(III) after 24-h exposure to arsenate (Table 1) . This result 298 corroborates the finding of Dhankher et al. (2006) , who found that most of As in 299 Arabidopsis was As(III) in a study using X-ray absorption spectrometry. The ability to 300 reduce arsenate was decreased in the two mutants, most noticeably in the GSH-301 deficient cad2-1 mutant. This is consistent with the GSH-dependent arsenate PC-deficient cad1-3 mutant had a slightly decreased As(III) proportion is not clear, as 313 this mutant contains more, not less, GSH than wild-type plants . 314 A possible explanation is that the lack of As(III) complexation by PCs in cad1-3 315 (discussed below) may make re-oxidation to arsenate more likely. 316 By using high-resolution ICP-MS and high-resolution ESI-MS coupled in 317 tandem to HPLC, we were able to identify and quantify most of the As(III)-thiol 318 complexes, as well as a number of free thiol compounds in reduced or oxidized states. Table S2 In the present study, we observed two consequences of a markedly decreased PC-Cd complexes are unlikely to be stable in the acidic xylem sap, whereas PC-As(III) 450 would be unstable in the alkaline phloem sap. 451 In conclusion, this study has shown that the majority of As in wild-type 452 Arabidopsis roots is complexed by PCs, and that decreasing As(III)-PC complexation 453 led to enhanced arsenite efflux to the external medium and enhanced As translocation 454 to the shoots. Enhancing PC synthesis in roots may be an effective strategy to 455 decrease As accumulation in shoots or grain of food crops. washed first with tap water, and then soaked in 10 mM KH 2 PO 4 solution for 10 min to 523 remove apoplastic As, followed by final rinses with tap water and deionized water.
524
Roots and shoots were blotted dry using paper towel. Data were analyzed by analysis of variance, followed by comparisons between 577 means using the least significant difference (LSD). cad1-3 and cad2-1 mutants. Plants were exposed to 10 µM arsenate for 3 days. Data are means ± SE (n=3).
* An unidentified species eluting around 20.9 min (U1), between the As(III)-(PC 2 ) 2 and As(III)-PC 4 complexes, was also quantified. This As species is included as bound As. Lines are fitted log-logistic curves. A small value (0.1) was added to the zero arsenate treatment to allow log-transformation. EC50: effect concentration of arsenate (μM) causing 50% inhibition of growth. 
Figure 2: ICP-MS m/z 75 (As) chromatograms for Arabidopsis thaliana wild-type root (a) and shoot (b), cad1-3 root (c) and shoot (d), and cad2-1 root (e) and shoot (f) extracts, respectively. The dashed line represents the arbitrary border between unbound and GSH/PC-bound As. The peaks are as follows: 1) inorganic As; 2) As(III)-(SG) 3 complex; 3) As(III)-PC 3 complex; 4-5) As(III)-(PC 2 ) 2 complexes (two isoforms); 6) unknown; 7-8) As(III)-PC 4 complexes (at least two isoforms). 
